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A fascinating aspect of Rydberg atoms is their ability to form huge but very weakly bound 
molecules with a ground state atom, only held together by a scattering process between the latter 
and the Rydberg electron. Beyond the usual way of creating such molecules by laser excitation 
from two ground state atoms with a distance of less than the Rydberg radius, we demonstrate that 
Rydberg molecules can also be formed by capturing a ground state atom which is initially located 
outside the range of the Rydberg atom when it comes in contact with it. To demonstrate this 
effect, we investigate the scattering process between the Rydberg electron and the ground state 
atom within a quantum-classical framework. In this picture capturing results from a dissipative 
finite-mass correction term in the classical equations of motion. We show that and under which 
conditions the capturing takes place. 

PACS numbers: 34.50.Cx, 34.20.Cf 



I. INTRODUCTION 

Highly excited Rydberg atoms have long-since been 
in the focus of numerous theoretical and experimental 
investigations [THE], which exploit, e.g., their large spa- 
tial extensions, which give rise to huge polarizabilities 
and strong interactions, or their long lifetimes. In 2000, 
Greene et al. [3] predicted that Rydberg atoms can form 
very weakly bound molecules with ground state atoms. 
This was experimentally confirmed in 2009 by Bcnd- 
kowsky et al. [1] in a cold dilute gas of rubidium atoms, 
and the results well agree with a simple quantum me- 
chanical model developed by Greene et al. [3]. 

Rydberg molecules are created by laser excitation of 
one ground state atom in a two-photon process using de- 
tuned lasers. The resulting Rydberg atom can then form 
a molecule with another ground state atom, which, at the 
time of laser excitation, is within a distance from the nu- 
cleus of the Rydberg atom smaller than the extension of 
the wave function of the Rydberg electron. In this way, 
also the creation of excited dimers and Rydberg trimers 
is possible [5J [B]. The experiments reported in [5] also 
show the yet unexplained formation of RbJ in the pho- 
toassociation spectra without any detuning of the lasers, 
i.e., at resonance of the Rydberg atom. 

In this paper, we pursue a quantum-classical ap- 
proach to understand the mechanism by which Rydberg 
molecules are formed. In such a picture we will demon- 
strate how ground state atoms which are initially located 
at distances from the Rydberg atom larger than its ex- 
tension can be captured by the latter after its excita- 
tion. This will lead to the interpretation that a Ryd- 
berg molecule is formed in the sense of a chemical reac- 
tion in which two reactants, the Rydberg and the ground 
state atom, interact to form the reaction product, i.e. the 
Rydberg molecule. As is well known chemical reactions 
cannot take place between two single particles because 
energy and momentum cannot be conserved simultane- 
ously. A reaction, however, can occur in the formation of 
a Rydberg molecule because the Rydberg electron plays 



the role of a third particle which can, within the natural 
line width of the Rydberg state, absorb kinetic energy 
from the ground state atom. 

Our paper is organized as follows: First, we give a brief 
review and discussion of Greene's quantum mechanical 
model before we introduce our quantum-classical treat- 
ment. The latter is based on classically describing the 
motion of the Rydberg electron in the l/V-potential, lo- 
cally approximating it as a superposition of plane waves 
at the position of the ground state atom, and quantum 
mechanically describing the scattering process. As a re- 
sult, we can derive an expression for the force acting on 
the ground state atom which includes a dissipative finite- 
mass correction term in the classical equations of motion. 
Finally, we compare the results obtained for the mod- 
els with and without the correction term, and determine 
under which conditions the capturing of a ground state 
atom, i.e., the formation of a molecule, can occur. 



II. THEORY 

As a framework for the theoretical description of the 
dynamics one could use Quantum Molecular Dynamics 
9J classically describing the motion of the nuclei of the 
molecule under the influence of the electron. However, in 
the case of Rydberg molecules, the dynamics of the Ryd- 
berg electron is predominantly determined by the nucleus 
of the Rydberg atom since the latter is positively charged, 
and the ground state atom is a neutral particle which 
only acts as a small perturber. Thus, the wave func- 
tion of the Rydberg electron is known for given quantum 
numbers and an appropriate description of the interac- 
tion between the Rydberg electron and the ground state 
atom in a quantum-classical picture is therefore possible 
by locally approximating the known Rydberg wave func- 
tion by a superposition of plane waves, each representing 
one corresponding classical Kepler ellipse of the Rydberg 
electron. 

The following two sections review the quantum me- 
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FIG. 1. Molecular potential of a rubidium Rydberg molecule 
as a function of the internuclear distance for a negative scat- 
tering length ao = —18.5 and a polarizability a — 319.0 in 
Eq. S, calculated from Eq. |3| for quantum numbers n — 31, 
I = 0, m = 0. The assignment of colors to the different po- 
tential wells will be the same in Fig. [4] 



chanical description of Rydberg atoms and introduce the 
quantum-classical treatment of the scattering process. 



A. Molecular potential of Rydberg molecules 

In the quantum mechanical model of Greene et aZ. [3] 
the interaction between the Rydberg electron and the 
ground state atom is described using a Fermi type pseu- 
dopotential [TU] 



V(r,R) = 2Tta s (k)S(r - R), 



(1) 



where r and R denote the positions of the Rydberg elec- 
tron and the ground state atom, respectively, and the 
function a s (k) is the s-wave scattering length, which de- 
pends on the wave vector k of the Rydberg electron. In 
a first-order approximation, it can be expressed in the 
form 1111 



a s (k) =a s , + -afc + O(fc 2 ) 



(2) 



Here a s o = —18.5 a.u. is the zero-energy scattering length 
and a — 319 the polarizability of the target [U H2] , 
Within a mean-field approximation this contact interac- 
tion leads to the molecular potential 



V a (R)=2ira s (k)\i> Ry (R)f 



(3) 



where ^R, y (i?) is the value of the wave function of the 
Rydberg electron at the position R of the ground state 
atom. If a s (k) < the interaction is attractive. Fig. [I] 
shows the molecular potential ^ for a particular set of 
quantum numbers. 

In the potential shown in Fig. [I] and used in Refs. [TJI3] 
only s-wave scattering is taken into account. A more 
realistic potential is obtained when also p-wave scattering 
is taken into account by the additional term 



V P (R) = Qnal \V^ Ry (R) 



(4) 



with a p — —21.15 a.u. [2] so that the molecular potential 
is given by 



V(R) 




V P (R), 



pure s-wave scat, 
with p-wave scat. 



(5) 



As will be shown in Sec. |III| the occurrence of the quasi- 
classical formation of Rydberg molecules does not depend 
on whether or not p-wave scattering is considered. 

By construction, Eq. ^ associates a fixed position R 
of the ground state atom with the potential energy V(R). 
If one considers a single scattering event of the Rydberg 
electron with the ground state atom this is physically 
equivalent to the assumption that the center of mass of 
the two scattering partners lies exactly at the center of 
the ground state atom, i.e. m e /m gs = 0. Moreover, Eq. 
([5]) only takes into account the mean density distribution 
of the Rydberg electron and thus neglects dynamical ef- 
fects of the scattering process. 



B. Scattering process within the quantum-classical 
framework 



The assumption m /m gs = is, of course, never 
strictly fulfilled, and, e.g., for rubidium atoms, which 
we consider throughout this paper, we have m e /f Rb ~ 
6 x 10~ 6 . Thus the description of the electron- Rb- 
scattering in the framework of Eq. ^ is not complete. 
To take into account dynamical effects of single scatter- 
ing events, we will describe these in a quantum-classical 
way. In the classical equations of motion, by which we 
describe the dynamics of the heavy ground state atom, 
this treatment will lead to a small but nonvanishing dis- 
sipative correction term in the order of the ratio of the 
masses of the two scattering partners, O (m e /mRb). In 
spite of its smallness it can have drastic effects on the 
dynamics of the rubidium atoms, as we will demonstrate 
in Sec. Ell 

Our quantum-classical model is based on the follow- 
ing assumptions: We describe the Rydberg atom as 
hydrogen-like with one Rydberg electron and a core with 
charge +e. Because of the high excitation of the Ryd- 
berg atom (n 3> 1), correspondence principle allows us 
to treat the motion of the Rydberg electron in terms of 
the classical trajectories, namely Kepler ellipses, and we 
quantize the latters' angular momentum L and their en- 
ergy E semiclassically according to 



L = l + 



1 



E = 



P 



1 

2^ 



(6) 



where n = 1, 2, 3, . . . and I = 0, 1, 2, . . . are the principal 
and angular momentum quantum numbers, respectively, 
p is the momentum of the Rydberg electron and r = \r\ 
is its distance from the core. Note that the continuous 
set of Kepler ellipses fulfilling these conditions only differ 
from each other by a rotation of the ellipses around the 
azimuthal quantization axis. 
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FIG. 2. Schematic drawing of the quantum-classical model 
for the interaction between the Rydberg electron, orbiting the 
Rb + core (small gray sphere), and the Rb ground state atom 
(big red sphere). For the magnetic quantum number m = 0, 
considered here, there are only two Kepler orbits on which 
the Rydberg electron can hit the ground state atom and each 
is traversed in clockwise and counterclockwise direction. 



Since the interaction between the Rydberg electron 
and the ground state atom is of contact-like type, within 
this quantum-classical framework these two will only in- 
teract if the Kepler ellipses hit the latter (see Fig. [2]), i.e. 
if the orbit includes the position R of the ground state 
atom. It can be easily shown that out of the infinite set of 
equivalent Kepler ellipses with given quantum numbers 
n, I, m only four ellipses fulfill this additional condition 
(see also Ref. [13] )■ In experiments only molecules with 
the Rydberg atom in an s-state have been formed so far, 
therefore we will also restrict ourselves to the angular 
momentum quantum numbers I = m = 0. In this case 
always two of the four possible ellipses coincide, and we 
are left with only two Kepler orbits that can intersect 
with the ground state atom each of which is traversed 
in clockwise and counterclockwise direction. Thus the 
momenta pW of the Rydberg electron on the i-th Kepler 
ellipse at the point of intersection are opposite to each 
other, 

p (l) = _ p (2) ) p (3) = _ p (4) ( 7 ) 

for m = 0. Their values can be easily calculated for 
each point on the orbit and, in particular, at the point of 
intersection, i.e., the position of the ground state atom. 

To describe the process of the Rydberg electron or- 
biting on a Kepler ellipse being s-wave scattered at the 
ground state atom we make use of the fact that the exten- 
sion of the highly excited Rydberg atom is, by far, larger 
than that of the ground state atom. Thus, we can assume 
the Coulomb potential Vc(r) of the Rydberg atom's nu- 
cleus to be constant in a small vicinity of the ground state 
atom, i.e. V~c(r) ~ const, for r « R, further allowing us 
to approximate the Rydberg electron on the z-th Kepler 

ellipse by a plane wave V'pw(r) — A® exp (ipWr). The 
local approximation of the total wave function is conse- 
quently a superposition of four plane waves, correspond- 



ing to the four ellipses, 

4 4 

lM»0 * E ^pwM = E Ail) ex P ( i P ( ° r ) > ( 8 ) 

i=l i=l 

which establishes the key link between the classical pic- 
ture of the interaction and the quantum mechanical de- 
scription of the scattering process: The momenta are 
identical to those of the electron on the Kepler orbit at 
the point of collision, and the amplitudes A^ are deter- 
mined by fitting the wave function to the exact quan- 
tum mechanical Rydberg wave function. For m = this 
wave function is real- valued and cylindrically symmetric, 
V'Ry — V'RylPi 2 ): which implies that the complex ampli- 
tudes A*- 1 ' come in complex conjugate pairs, A^ = A*^ 
and A^ = A*( 4 K We are therefore left with four un- 
knowns, the real and imaginary parts of A^ and A^ 3 >. 
To determine these we require that at the intersection 
point the values of the wave functions and their first 
derivatives coincide: 

lppw\r=R = lpRy\r=R , (9a) 
dp^pw\r=R = d p 1pB..y\r=R , (9b) 
d z ip pw \ r =R = 9 z lj) R y\ r=R . (9c) 

Requiring also the identity of the second derivatives 
would provide three more equations but render the to- 
tal set of equations over-determined. To obtain a fourth 
equation we therefore only require that the sum of the 
moduli squared of the deviations of the second derivatives 
of the quantum-classical and the Rydberg wave function 
be a minimum 

(dpWW - lfa.y)\r=n) + (<9f (</Vw - 1pRy)\r=R.) 2 

+ (^p.zC^pw - ipRy)\r=R.) 2 = min . (10) 

This leads to the best possible approximation of the Ryd- 
berg wave function by the four plane waves ^p]. 

To describe the scattering process in the quantum- 
classical picture, we first consider scattering of a single 
electron with a ground state atom in the latter's rest 
frame. The incoming Rydberg electron on the i-th Kepler 

(i) 

ellipse, described by the plane wave ippw with momentum 
Pin = rn c Vc ^ = hk^\ is scattered to an outgoing wave 

exp(ip^ t \r - R\) . . . . 

^° ut \r-R\ (/s + / P cos0 + ...) (11) 

where /; are the scattering amplitudes that are related to 
the scattering phase shifts 5i by /; = fc" 1 (2Z + l) e lSl sin Si. 

The wave number of the Rydberg electron is given by 
k = W2/R~— 1/n 2 so that we obtain k < 0.025 for typical 
values n — 31 and R > 1200 (see below). For rubidium, 
scattering in this region is therefore dominated by the 
s-wave so that S p and contributions from higher partial 
waves can be neglected in the scattering process. 
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Because of the spherically symmetric angle distribu- 
te _ 



tion the total momentum of the outgoing s-wave is 

so that the Rydberg electron transfers a momentum of same direction, e l 
AP^J = m c Vc^ to the target, i.e. the rubidium ground 



for i = 3, 4) and the case where at the collision the 
ground state atom and the Rydberg electron fly in the 
= e (i) . Since Eq. (|7|) then implies 



state atom. A number of N^' colliding electrons conse- 
quently leads to a momentum transfer of 



(i) 



(12) 



and if the scattering events occur in a time At this cor- 
responds to a classical force 



Rb 



AP^/At 



(13) 



acting on the ground state atom. We now proceed from 
single but continuous scattering processes to a current 
density 



3c c ° a At ^ ' 



(14) 



where ni^ = | 2 is the electron density on the z-th Ke- 
pler ellipse, a = 47raf (fc) is the scattering cross-section, 
and e (i> is the unit vector in the direction of t>W. Sim- 
ilar to the discussion above, including p-wave scattering 
does not change the total scattering cross section a signif- 
icantly in the important region R > 1200 a.u. Combining 
Eqs. (fl2b— dl4b we end up with 



4b = "£*W 



(15) 



We now switch to the laboratory frame, where the 
ground state atom, in general, moves with a velocity 
v Rb 7^ relative to the ionic core of the Rydberg atom 
and, without loss of generality, assume the latter to be 
at rest. The transformation to the laboratory frame then 
results in the formal substitution v c — > v c — v^, in Eq. 



(15), which leads to 



• Rb 



F« = n^m c a 



VRb 



(16a) 
(16b) 



Note that by locally describing the four Kepler ellipses 
as independent plane waves we lose all interference terms 
and thus the nodal structure of the Rydberg wave func- 



tion. Therefore the Eqs. (|16| cannot catch the mean elec- 

,(<) 



tron density distribution. Moreover, since F\ 



with the electron density = |-0pw(r)| 2 , any phase- 
factor corrections which may occur when transforming 
from the ground state atom's rest frame to the labora- 
tory frame will cancel out. 

For a simple discussion of the effect of the forces act- 
ing on the ground state atom described by the Eqs. 
( 16 1 imagine the interaction with only the two coincid- 
ing Kepler ellipses i = 1,2 (the same holds, of course, 



M 

Rb 



e (2) = 
atom 



we obtain a net force on the ground state 



fkb = + F$ = -Imean^v^v^e^ (17) 

which for any value of the modulus of its velocity «Rb > 
is directed opposite to its direction of flight, i.e., the 
ground state atom is decelerated. Note that in Eq. (17) 



always one contribution to the force is accelerating (here 



the one with e t iu 
erating (here the one with e z 

,(!) 



and the other one is decel- 
-e (2>), whereas the 

,(2) 



latter dominates since | Vc — i>Rb| < \ v e VRh\- The dis- 
cussion can be generalized to the case of arbitrary flight 
directions e„ Rb , and there always occurs a deceleration 
of the ground state atom as a net effect. 

Taking into account both the potential Eq. ([5| result- 
ing from the mean electron density distribution and the 
dissipative correction terms due to the dynamical effects, 
Eqs. (16), one can write down the classical equations of 



motion for the dynamics of the ground state atom under 
the influence of the Rydberg atom: 



d 2 R 

~di2~ 



1 



rriRb 



-W(-R) 



,(*) 



V ( c l) ~ URb 



e (l) 

«e — "Rb 



(18) 



The second term is on the order of TO e /mRb ~6x 10~ 6 
and therefore small but, as will be shown below, can have 
drastic effects on the motion of the ground state atom. 
Note that in the limit m e /mRb -> we recover the orig- 
inal model of Greene et al. [3]. 



III. RESULTS AND DISCUSSION 

We obtain the following results solving the differential 
equation (18) for initial values R and vjh,. The physical 



parameters are chosen in such a way that they cover the 
experiment in Ref. pQ, in which 87 Rb atoms have been 
excited to Rydberg s-states n' > 34. Including quantum 
defect corrections of 5 = 3 for rubidium [TJ] , we therefore 
use quantum numbers n = n' — 5 = 31, / = 0, and m = 0. 

Since we assume the Rydberg atom to be in the spher- 
ically symmetrical s-state, there are only three quantities 
which determine the dynamics of the ground state atom, 
namely the absolute value of the initial velocity of the 
ground state atom, VRb, the initial internuclear distance 
Rq and the angle <f> between the direction of the initial ve- 
locity and the line connecting the ground state atom and 
the center of the Rydberg atom, cos0 = VRbR/(vRbR)- 
Throughout this section we choose i?o = 2500 a.u. which 
is outside the range of the Rydberg electron including the 
tail of the Fermi pseudopotential. In the following Sec. 
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FIG. 3. Internuclear distance between the Rydberg and the 
ground state atom in dependence of time for different angles <f) 
between the initial direction of the motion of the ground state 
atom and the connecting line to the nucleus of the Rydberg 
atom. The initial velocity is set to Vm> = 10 -9 a.u. For all 
angles shown the ground state atom will be captured but the 
selection of a specific local minimum strongly depends on the 
initial value of 6. 



|III A| we first present the results for the quasi-classical 
model using s-wave scattering. The modifications ob- 
tained by including p-wave scattering are discussed in 
Sec. |IIIB| An interpretation of the model beyond the 
quasi-classical approach is outlined in Sec. |III C| 



A. Model with s-wave scattering 



To demonstrate the effect of the finite-mass correction 



term in Eq. ( 18 ) we discuss the trajectories of the ground 
state atom obtained with the correction. Fig. [3] shows 
the internuclear distance between the Rydberg and the 
ground state atom for initial values «Rb = 10~ 9 a.u. and 
various angles between <\> = 10 and <f> = 40 degrees. 

If only the conservative potential is taken into account, 
the ground state atom approaches the Rydberg atom, 
reaches some minimum distance and then leaves it again. 
Taking into account the finite-mass correction term, the 
ground state atom initially shows a similar behavior, but 
on its way out from the Rydberg atom, it begins to os- 
cillate, e.g., around a distance of R rj 1500 a.u. for the 
orbit launched with <fi — 30° in Fig. [3j and no longer 
leaves the Rydberg atom. The physical meaning is that 
the ground state atom has been captured in one of the 
potential wells, i.e., the total energy of the ground state 
atom has decreased below zero and it cannot leave the 
Rydberg atom any more: 



E, 



g.a. 



+ V(R) < 0. 



(19) 



We emphasize that the formation of the molecule occurs 
after the excitation of the Rydberg atom and not, as 
usual, by excitation with a detuned laser. 



In the example with cj) = 10 degrees shown in Fig. [3] 
the ground state atom enters the vicinity of the Rydberg 
atom at t « 3 /is. The total energy E & a of the ground 
state atom becomes negative at t sa 5.5 /is, which means 
that the Rydberg molecule is formed within about 2.5 fis. 
Note that this time is significantly smaller than the life- 
time of the Rydberg molecule of about 15 fis PQ. 

Since the system of the ionic Rydberg core, the Ryd- 
berg electron, and the ground state atom is closed, an im- 
portant issue of the process described here is conservation 
of energy. In order to observe a deceleration of the ground 
state atom, its initial kinetic energy has to be transferred 
to its scattering partner, i.e. the Rydberg electron. To 
satisfy Eq. (19) for the initial velocity vr\, = 10~ 9 a.u., 
in total, a kinetic energy of -Ekin = 525 Hz has to be 
absorbed. However, this amount of energy is small com- 
pared to the level spacing between the quantum state 
considered and a neighboring one, so that the excitation 
of a higher quantum state would be highly off-resonant 
and, thus, quantum mechanically forbidden. Neverthe- 
less, the process remains allowed due to the very exotic 
conditions in the ultra-cold Rydberg gas: The quantum 
state n of the Rydberg electron is not sharp, but has a 
natural line width of r/27r w 21kHz resulting from the 
15 [is lifetime of the Rydberg molecule. The extremely 
small amount of kinetic energy will, therefore, not be 
deposited into an excitation of a higher quantum state 
but is absorbed at resonance within the line width of the 
same state. 

After the point of capturing, the classical computa- 
tions show a further decrease of the ground state atom's 
energy, which is, within the lifetime of the Rydberg 
molecule, however, small compared to the depth of the 
potential and thus the molecule will have dissociated long 
before reaching binding energies of the quantized station- 
ary vibrational states of the molecule. In addition, the 
latter has to be excluded because of physical reasons, 
since the required amount of energy cannot be deposited 
in the excitation of the Rydberg electron within the nat- 
ural line width of the Rydberg state. 

Moreover, we find a crucial dependence of the mini- 
mum of the potential in which the ground state atom 
is captured on the initial angle (see Fig. [3] for some 
exemplary trajectories). In fact, for each potential well 
there is a corresponding range of angles (j> leading to the 
formation of a molecule with an internuclear distance as- 
sociated to the particular well. 

To generally determine for which initial conditions the 
ground state atom will be captured by the Rydberg 
atom, we calculate collisions for angles 4> between 0° and 
90° and initial velocities v^\, from 10~ 9 a.u. to 10 -8 a.u. 
corresponding to kinetic energies of about 525 Hz to 
52.5 kHz. As a reference for the velocity we take the 
mean velocity v « 1.3 x 10~ 8 a.u. of an ideal gas at the 
temperature of T = 3.5 /iK at which the experiment of 
Bcndkowsky et al. [T] was performed, i.e., this range of 
velocity corresponds to "slow" ground state atoms. 

Fig.[4^a) shows the domains of initial values 4> and vjq, 
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FIG. 4. (a) Result of the dynamics calculations of the ground 
state atom for initial values Ro = 2500 a.u., ur^ = 10 -9 to 
«Rb = 10 -8 and angles <j> from 0° to 90°. Each single point 
represents a set of initial conditions (i)Rb,0) and its color in- 
dicates in which minimum of the potential the ground state 
atom will come to rest (colors refer to Fig. [T|. White means 
that there is no capturing, i.e., the ground state atom will 
again leave the Rydberg atom, (b) Fraction Ni/N of the N 
ground state atoms that are captured in the i-th potential 
minimum out of a total of N atoms as a function of their ve- 
locity URb. The solid line shows the total fraction of captured 
ground state atoms. 



where capture occurs. The colors indicate in which of the 
local potential minima the ground state atom is captured, 
and the color assignment is the same as in Fig. [T] It can 
be seen from Fig. |4][a) that it strongly depends on the 
initial conditions whether or not the ground state atom 
is captured. For "slow" atoms there is a broad range of 
angles <f> in which a molecule is formed while this range 
quickly shrinks with increasing velocity of the ground 
state atom. The areas with branches reaching to > 
10~ 8 a.u. correspond to situations where the ground state 
atom is directly captured when approaching the Rydberg 
atom. For small angles < 20° and velocities «Rb ^ 
1.5 x 10 -9 a.u. we also find situations where the ground 
state atom is captured on its way out from the Rydberg 
atom after a reflection at some minimum internuclear 
distance. For VBh 10~ 9 a.u. (not shown) almost all 
angles <\> lead to capture. However, initial velocities of 
w Rb ^ 0.5v corresponding to energies above the natural 
line width of the Rydberg molecule would lead to off- 
resonant absorption and are thus forbidden. 

To compute probabilities with which a ground state 



atom of the velocity v^b is captured in the i-th poten- 
tial minimum, we regard a uniform current of N ground 
state atoms and a diameter of at least the extension of 
the Rydberg atom interacting with it. Considering that 
the different angles then occur with a weighting factor of 
47T sin 2 4>, integrating over the cross-section of this cur- 
rent and dividing by all N ground state atoms yields the 
probability of being captured in the i-th minimum. This 
fraction Ni/N is shown in Fig. Qb) (colors again corre- 
spond to those in Fig. [IJ. As can be seen, the predom- 
inant part will be captured in the outermost minimum 
(i = 1), in which also the vibrational ground state of the 
Rydberg molecule is located (see Refs. [HE]). Capturing 
in other minima also happens, but by far more rarely. 



B. Extended model including p-wave scattering 



The potential ([5| entering the equation of motion ( 18 ) 
is significantly modified near the Rydberg core when p- 
wave scattering [2 [15] is also taken into account by the 
additional term given in Eq. j4j. The main effect for the 
calculations performed in this paper is the fact that the 
single potential wells are no more separated by some in- 
ternuclear separation R with V(R) — [see Fig. [5]ja)]. 
For a particle with E < one is therefore no more able 
to distinguish the different regions of capturing which, in 
the quantum-classical model, is expressed by the fact that 
the reversal points of the ground state atom's trajectory 
are shifted within the interaction region: The outer rever- 
sal point will then in general be determined by the expo- 
nential tail of the wave function (R ~ 2400) and the inner 
one is given by the molecular potential together with the 
centrifugal barrier for non-central collisions. However, 
also with p-wave scattering the potential remains conser- 
vative so that the dissipative interaction described by the 



second term in Eq. (18) is not affected. 

To illustrate the effects of p-wave scattering, Fig. [5jb) 
shows a comparison of two trajectories of a slow ground 
state atom one of which is obtained by taking account 
of p-wave scattering (dashed-dotted line) in the potential 
([5]) and the other trajectory (solid line) by neglecting this 
effect. In the first case the ground state atom is no more 
captured in a particular well, however, the point that the 
ground state atom is captured remains valid since in both 
cases we have V(R) —> for R — >• 00 which precludes 
a ground state atom with E < to escape from the 
Rydberg atom. 



C. Beyond the quantum-classical approach 

In the quasi-classical model the motion of the heavy 
ground state atom is described purely classical. Never- 
theless, the question arises, what is the quantum state 
of the ground state atom when it has been decelerated 
to energy E < ? The atom can no longer be in a pure 
continuum state, however, the density of states at E < 
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FIG. 5. (a) Comparison of the molecular potential V(r) 
with (solid line) and without (dashed line) p-wave scatter- 
ing, (b) Comparison of two trajectories of the ground state 
atom in the influence of the Rydberg atom for the same ini- 
tial conditions with (dashed-dotted line) and without (solid 
line) p-wave scattering. The detailed dynamics change sig- 
nificantly, the fact that the ground state atom is captured, 
however, is not affected. 



is small and the energy gap to the highest vibrational 
bound state is still rather large. The atom must therefore 
be in a non-stationary superposition of eigenstates with 
an admixture of one or more vibrational bound states. 
As explained above, the Rydberg state of the electron 
must absorb the transferred energy (within the natural 
line width of the state), and thus is slightly detuned. This 
somehow unstable configuration may now develop in one 
of the following directions. 

On the one hand, the detuning of the Rydberg state 
may just lead to a decrease of its lifetime. Reduced life- 



times of Rydberg molecules in vibrational ground and 
excited states have already been measured experimen- 
tally [5] but the mechanism for that reduction has not 
yet been clarified. The dissipative finite mass correction 
term which couples the Rydberg state and the motion of 
the ground state atom may thus provide a physical inter- 
pretation for the reduced lifetimes of Rydberg molecules. 

On the other hand, the admixture of lower vibrational 
states to the quantum dynamics of the ground state atom 
may enable the ground state atom to jump into the next 
lower stationary vibrational state by photon emission 
with a much higher probability than is to be expected 
for spontaneous emission, which is negligibly small due to 
the small energy differences between the states. The de- 
tailed investigation of such a process, which would require 
the treatment within quantum electrodynamics, however, 
goes far beyond the scope of this paper. 



IV. CONCLUSION AND OUTLOOK 

Investigating the interaction between a Rydberg elec- 
tron and a ground state atom in Rydberg excited gases 
within a quantum-classical framework, we were able to 
derive a dissipative finite-mass correction term to the 
classical equations of motion describing the dynamics of 
a ground state atom interacting with a Rydberg atom. 
Considering this correction term of order O (m e /mRb) we 
have shown that a free ground state atom can, for suit- 
able initial conditions, be captured by the Rydberg atom 
and thus form a Rydberg molecule. According to our cal- 
culations, this process takes place for "slow" ground state 
atoms, and does not depend on whether or not p-wave 
scattering is considered in the molecular potential. How- 
ever, the classical paths with and without p-wave scatter- 
ing differ: While with pure s-wave scattering capturing is 
most likely in the outermost potential minimum, there is 
no capturing in a particular well when p-wave scattering 
is included. 

In the experiment of Butscher et al. [S] molecular Rb^ 
ions have been detected in the photoassociation spectra 
at resonance of the Rydberg atom, i.e., without any de- 
tuning of the lasers. The formation of Rydberg molecules 
with the quantum-classical model introduced in this pa- 
per and a subsequent ionization process may provide a 
first hint towards a physical explanation of that obser- 
vation, however, further investigations are necessary to 
get a deeper understanding of the dynamics of ultralong- 
range Rydberg molecules. 
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